Antenatal malnutrition could be linked to hypertension and vascular diseases in fetal origins. This study determined the influence of maternal intake of high sucrose (HS) during pregnancy on vessel tone, intracellular Ca 2 þ ([Ca 2 þ ] i ), K þ channels, especially large-conductance Ca 2 þ -activated K þ channels (BK), in mesenteric arteries in the offspring rats exposed to prenatal HS. Vessel tension and [Ca 2 þ ] i induced by angiotensin II were higher in the small mesenteric arteries of the HS offspring. In the vascular smooth muscle cells (VSMCs) from the HS offspring, electrophysiological studies showed depressed BK current density and depolarized membrane. Western blot showed altered expressions of BK a-subunits, AT1 and AT2 receptors in mesenteric arteries. The results suggest that decreased BK channel activity and depolarized membrane potential in the VSMCs partly contributed to the increased vessel tone and [Ca 2 þ ] i in the HS offspring, adding new information for understanding mechanisms in vascular malfunctions in fetal origins, and novel insights for early prevention and treatments against such vascular diseases.
INTRODUCTION
Vascular smooth muscle cells (VSMCs) have important roles in the control of vessel tone. Among various K þ channels, large-conductance Ca 2 þ -activated K þ channels (BK) are dominantly expressed in VSMCs and involved in repolarization and negative feedback in the regulation of vessel tone. [1] [2] [3] [4] [5] Either opening or closing of BK channels affects resting membrane potential (RMP) and vessel tone remarkably. 4, 5 Angiotensin II (Ang II) in renin-angiotensin system, as one of the most important vasoconstrictors, has critical roles in vascular regulation via increasing intracellular Ca 2 þ ([Ca 2 þ ] i ). 6, 7 One of the mechanisms by which Ang II controls vasoconstriction is linked to a direct inhibition of BK channels, contributing to depolarization and contraction. 8 Growing evidence suggested that prenatal insults, including malnutrition, high salt diet, hypoxia and dehydration during pregnancy, could adversely affect cardiovascular conditions in offspring. [9] [10] [11] [12] [13] [14] Our previous study has shown that maternal intake of high sucrose (HS) could increase blood glucose in the maternal rats, and affect fetal and offspring's development, 15 evidenced as increased fetal body weight. However, little is known about how maternal HS intake during pregnancy affects vascular functions in the offspring. The present study focused on BK channels and vessel tone in the offspring's mesenteric arteries and mechanisms involved in the vascular problems in fetal origins.
METHODS Animals
Pregnant Sprague-Dawley rats from the Animal Center of Soochow University were randomly divided into two groups: (1) the control group fed with standard food and tap water and (2) the HS group provided with the same food with 20% sucrose solution since gestational day 1 as reported. 15 After delivery, all maternal rats were provided tap water and standard rat food, and the baby rats were given breast feeding. After weaning, the offspring rats from both groups were given tap water and standard rat food for 5 months. All experimental procedures were approved by the Institutional Animal Care Committee and conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No. 1996) .
Experimental design
Preparation of mesenteric arteries. Rats were anesthetized with a fresh prepared mixture of ketamine (75 mg kg À1 ) and xylazine (5 mg kg À1 ) (Hengrui Medicine, Lianyungang, China) intraperitoneally. Adequate anesthesia was determined by loss of a pedal withdrawal reflex and any other reactions in response to pinching rat toe or ear. Fourth-order mesenteric arterial branches were isolated microscopically, removed without being stretched and placed into a Krebs-Henseleit solution (mmol l À1 : NaCl 115.0, NaHCO 3 25.0, KCl 4.6, NaH 2 PO 4 1.2, MgCl 2 1.2, CaCl 2 2.5 and glucose 10.0; pH 7.4).
Measurement of vessel tone
Mesenteric arteries were cut into rings of 3.0 mm in length, mounted on a multimyograph system (Danish Myo Technology A/S, Midtjylland, Denmark) as described, 16 and maintained in oxygenated Krebs-Henseleit solution (95% O 2 -5% CO 2 ) at 371C. The rings were equilibrated for 60 min. Vessel tone induced by cumulatively increasing concentrations of Ang II (Sigma, St Louis, MO, USA) was normalized by the maximum contraction elicited by 60.0 mmol l À1 KCl. Signals were recorded by Power-Lab system (AD Instruments, Bella Vista, NSW, Australia) with Chart 5 software (AD Instruments).
Measurement of [Ca 2 þ ] i in mesenteric arteries
Experiment was carried out in a darkroom. [Ca 2 þ ] i in mesenteric arteries was monitored using fluorescent Ca 2 þ indicator, the acetoxymethyl ester of fura-2 (fura-2 AM; Calbiochem, San Diego, CA, USA) by a Radiance 2100 confocal system, as previously reported. 17 In brief, vessels were superfused with modified Hanks' buffered saline (37 1C) 
Isolation of vascular myocytes
VSMCs were isolated enzymatically from dissected mesenteric arteries as reported. 18 Vessels were cut into 1-mm strips in ice-cold physiological salt solution containing (mmol l À1 ) 137.0 NaCl, 5.6 KCl, 1.0 MgCl 2 , 0.42 Na 2 HPO 4 , 0.44 NaH 2 PO 4 , 4.2 NaHCO 3 and 10.0 HEPES (pH 7.4). Dissected arteries were placed into physiological salt solution containing 4 mg ml À1 papain (Worthington Biochemical, Lakewood, NJ, USA) and 2 mg ml À1 dithioerythritol for 25 min at 37 1C; then transferred to physiological salt solution containing 1 mg ml À1 collagenase type F (Sigma) for 15 min at 37 1C. All enzymatic solutions contained 1 mg ml À1 bovine serum albumin. Separated VSMCs were obtained by gentle trituration with a fire-polished Pasteur pipette. The cells were suspended in physiological salt solution and stored at 4 1C for study within 6 h.
Electrophysiological measurement
Whole-cell K þ currents were recorded in conventional whole-cell configuration, voltage-clamp mode using an Axon Multiclamp 700B (Axon Instruments Inc, Foster City, CA, USA) with Clampex 10.1 and normalized to cell capacitance as picoampere per picofarad (pA/pF). 19 Membrane potentials were measured in current-clamp configuration. Cells were continuously superfused with HEPES-buffered solution containing (mmol l À1 ) 135.0 NaCl currents were determined by using 1.0 mmol l À1 tetraethylammonium 20, 21 (TEA; Sigma) and 100.0 nmol l À1 charybdotoxin 22, 23 (Sigma) .
Western blot analysis
Protein abundance of BK channel a-subunits, AT1 and AT2 receptors in mesenteric arteries were measured with western blot analysis normalized to b-actin as described. 14, 24 Briefly, mesenteric arteries were homogenized. The primary antibodies were the rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) against BK channel a-subunits (1:500), AT1 (1:500) or AT2 (1:1000). The second antibody was horseradish peroxidase-conjugated goat anti-rabbit antibody (1:5000). Immunosignals were revealed using a scanner and the ratio of band intensity to b-actin was obtained to quantify the relative protein expression level.
Data analysis and statistics
Data were expressed as mean±s.e.m. Statistical significance (Po0.05) was determined by two-way analysis of variance or t-test, where appropriate. Curve fitting was performed with SigmaPlot 11 (Systat Software Inc, Chicago, IL, USA) and GraphPad Prism 5 (GraphPad Software Inc, La Jolla, CA, USA). 
RESULTS

Vessel tone and [Ca
BK channels activity in mesenteric arteries
Whole-cell K þ current density in the HS VSMCs was significantly decreased compared with that in the control at the test potentials ranged from 0 to þ 60 mV (Po0.05), the maximum current density calculated at þ 60 mV was 36.9 ± 0.8 pA/pF in the control (n ¼ 9) and 21.4 ± 0.7 pA/pF in the HS (n ¼ 11) with a decrease by 42.0% (Po0.05; Figure 2 ). Exposure of the VSMCs to 1.0 mmol l À1 TEA (a blocker that can inhibit BK channels 20, 21 with negligible effects on voltage-gated K þ channels (K V ) at this concentration) or 100.0 nmol l À1 charybdotoxin (a potent and selective BK channel blocker 22, 23 ) significantly depressed K þ currents in similar manner ( Figure 2 ). I-V relationship displayed that whole-cell K þ current density at þ 60 mV inhibited by TEA and charybdotoxin in the VSMCs were 59.2% and 65.7% in the control (n ¼ 9), and 35.7% and 42.9% in the HS (n ¼ 11), respectively ( Figure 2 ). Ang II-inhibited BK channels and depolarized cellular membrane Ang II attenuated whole-cell K þ currents significantly in the control and HS VSMCs, the current density was decreased from þ 10 to þ 60 mV in the control (n ¼ 9, Po0.05), and from þ 30 to þ 60 mV in the HS (n ¼ 8, Po0.05), and the maximum current density was decreased at þ 60 mV by 46.0% in the control, and by 31.7% in the HS VSMCs (Figure 3) . To test a possible involvement of BK channels in reduced whole-cell K þ currents, Ang II (100.0 nmol l À1 ) was employed with pretreatment of TEA (1.0 mmol l À1 ) in the control (n ¼ 8) and HS (n ¼ 8) cells (Figure 4 ). At voltages above 0 mV, there was an obvious reduction in K þ currents by TEA, subsequent application of Ang II showed a little reduction in K þ currents above þ 50 mV in the control (Figure 4c ). For the HS cells, Ang II induced the similar response to TEA in the control (Figure 4d ). Figure 5 showed RMP and the effect of Ang II on membrane potential in the control and HS VSMCs. The RMP was depolarized to À31.6 ± 1.1 mV in the HS VSMCs (n ¼ 12) compared with À45.7±1.6 mV in the control (n ¼ 13, Po0.05). Ang II (100.0 nmol l À1 ) further depolarized cellular membrane to À26.0 ± 1.3 mV in the control (n ¼ 13, Po0.05) and À20.2 ± 1.4 mV in the HS VSMCs (n ¼ 12, Po0.05).
Antagonist-altered Ang II-mediated inhibition of K þ currents Losartan, as an antagonist of AT1 receptors, and PD123319, as an antagonist of AT2 receptors, were respectively used to testify the pathways of the inhibition effect of Ang II on K þ currents in control and HS cells. For the control, compared with the inhibitory effect of Ang II (n ¼ 9) on whole-cell K þ currents, application of Ang II with losartan (n ¼ 7) increased the K þ current density above þ 40 mV (Po0.05), whereas Ang II with PD123319 (n ¼ 6) further decreased the K þ current density above þ 20 mV (Po0.05; Figures 6a and c) . For the HS group, compared with the inhibitory effect of Ang II (n ¼ 8) on whole-cell K þ currents, Ang II with losartan (n ¼ 6) did not change the K þ current density (P40.05), whereas Ang II with PD123319 (n ¼ 5) further reduced the K þ current density significantly (Po0.05; Figures 6b and d) .
BK channel a-subunits and AT1/AT2 receptor expression in mesenteric arteries Western blot analysis showed a significant reduction in protein expression of BK channel a-subunits in the mesenteric arteries from the HS group (Figure 7a) . Compared with the control, BK a-subunits protein level was decreased by 54.6% in the HS group (n ¼ 5, Po0.05). Prenatal high sugar and vessel tone S Li et al
Analysis showed a significant increase in AT1 receptor protein and decrease in AT2 receptor protein in the mesenteric arteries of the HS group (Figure 7b ). The AT1 level was increased by 172.2% in the HS group compared with that of the control (n ¼ 5, Po0.05), whereas AT2 level was decreased by 64.0% in the HS compared with that of the control (n ¼ 5, Po0.05).
DISCUSSION
The present study demonstrated as the first time that expression and functions of BK channels could be depressed in the VSMCs of the rats prenatally exposed to high sugar. The novel findings include: (1) Ang II induced significantly higher vascular tone and intracellular Ca 2 þ in the mesenteric arteries of the offspring exposed to prenatal HS; (2) Prenatal exposure to HS affected whole-cell K þ current density and RMP in the VSMCs; and (3) BK current density in the HS group was reduced significantly. In addition, expression of BK channel a-subunits, AT1 and AT2 receptors in the mesenteric arteries of the HS offspring was altered. Together, the results indicate that intake of high sugar during pregnancy could increase vascular tone and intracellular Ca 2 þ in the mesenteric arteries, which might be partly related to inhibition of BK channels in the HS VSMCs.
The role of [Ca 2 þ ] i in the increased vascular tone in the HS offspring
In the present study, maternal feeding with HS during pregnancy could affect vascular functions in the adult offspring, evidenced as the increase of vessel tone in response to Ang II was significantly higher in the HS offspring.
Ang II controls vascular tone by influencing vasoconstriction via AT1 and AT2 receptors. A rapid increase in [Ca 2 þ ] i is a major determinant of vascular contraction. 6, 25 Binding of Ang II to its receptors results in activation of downstream effectors, including hydrolyzing phosphatidylinositol 4,5-bisphosphate to generate inositol-1,4,5-triphosphate. Inositol-1,4,5-triphosphate in turn, acts on sarcoplasmic reticulum, leading to mobilization of intracellular Ca 2 þ and increase in [Ca 2 þ ] i . 26 On the other hand, Ang II promotes Ca 2 þ influx. 6, 7, 27 Ca 2 þ binds to calmodulin, causing smooth muscle cell contraction. In the present study, vessel contraction and intracellular Ca 2 þ levels in response to Ang II were significantly higher in the HS than that of the control, indicating that the Ang IIincreased vessel tone was linked to intracellular Ca 2 þ changes. Fourth-order mesenteric arterial branches can be regarded as the representative of peripheral resistance arteries. The present study provided new information on possible mechanisms in the resistance arteries linked to increased vascular tension following exposure to prenatal HS. Previous studies demonstrated that endothelial cells also are important to vascular tension. 28, 29 In our vessel studies, it is hard to exclude possibilities of involvement of endothelial cells in explaining the results, and further studies are needed.
Depolarization of membrane and elevated [Ca 2 þ ] i
Multiple factors, including membrane potential, can regulate [Ca 2 þ ] i in VSMCs. Membrane potential not only affects voltage-gated Ca 2 þ channels but also influences inositol-1,4,5-triphosphate-induced release of Ca 2 þ from intracellular stores and Ca 2 þ sensitivity of the contractile apparatus. 26 In the present study, patch clamp test showed that RMP in the HS VSMCs was significantly depolarized BK channels in control of membrane potential and vascular tone K þ channels in VSMCs have a key role in control of membrane potential and vascular tone. 4, 5, 32 Opening of K þ channels in VSMCs results in membrane hyperpolarization and closing of voltagedependent Ca 2 þ channels and therefore induces vasodilatation. Conversely, closing of K þ channels reduces K þ efflux and depolarizes cell membrane, thereby leading to opening of voltagegated Ca 2 þ channels and vasoconstriction. 4, 27, 32 Our patch clamp study demonstrated a significantly reduced whole-cell K þ current density in the HS VSMCs, indicating declined K þ channel's activity. It is well known that BK currents are the major components in K þ currents in VSMCs. 2, 5, 32 Thus, the present study focused on BK channels in the VSMCs from the HS offspring that has not been investigated.
BK channels, activated by both elevation of [Ca 2 þ ] i and depolarization of membrane, serve as a key determinant in negative feedback against depolarization and increased vascular tone because of the large conductance and high density in vascular smooth muscles. [1] [2] [3] [4] [5] In general, K þ channels, especially BK, are involved in the control of vascular tone. In the present study, the TEA-or charybdotoxinsensitive current component attributed to opening of BK channels was significantly lower in the HS cells than that of the control, indicating impaired activity of BK channels. [3] [4] [5] 33 The decreased activity of BK channels in VSMCs could depolarize the membrane leading to an increase of vascular tone. Our western blot experiments showed that BK channel a-subunit expression in the HS mesenteric arteries was significantly reduced, which might be linked to depressed BK current density and membrane depolarization in the HS VSMCs. This also provides new supportive information that the changes of the BK channels, either in their protein expression levels or functional status, may have an important role in the mechanisms of the increased intracellular Ca 2 þ related to vessel tension in the resistance vasculature of the HS group.
In the present study, Ang II significantly increased vascular tone and [Ca 2 þ ] i in the HS mesenteric arteries. Furthermore, electrophysiological measurements demonstrated downregulation of intrinsic suppressed whole-cell K þ currents in the HS VSMCs by Ang II. 
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The data suggest that Ang II-increased intracellular Ca 2 þ determines vessel contraction, and alteration of K þ channels in the VSMCs may change vessel responses to Ang II. Depolarization due to inhibition of BK currents could activate L-Ca 2 þ channels, leading to an elevated [Ca 2 þ ] i and vessel contraction. [2] [3] [4] [5] 34 The present study showed that Ang II mainly inhibited BK channels in both the control and HS VSMCs. This means that in response to Ang II, the inhibited expression of BK channels or their activity weakened the feedback via BK channels in the regulation of vascular tone in the HS offspring by affecting membrane potential and intracellular Ca 2 þ . In light of this, BK channels could be viewed as targets for future investigation on angiotensin-mediated vascular diseases in fetal origins in prevention and treatments.
Ang II-inhibited K þ channels via the AT1/AT2 pathways Most vascular effects of Ang II are mediated via AT1 receptors. Although physiological or pathophysiological effects of AT2 receptors in control of vascular tone are unclear, several studies suggested that AT2 receptors antagonized the effects of AT1 receptors by inhibiting its signaling pathways via activation of tyrosine or serine/threonine phosphatases, 35, 36 suggesting that Ang II induces vasoconstriction by binding to AT1 receptors, and vasodilatation by binding to AT2 receptors. 37, 38 In the present study, AT1 receptor antagonist losartan alleviated the inhibitory effect of Ang II, whereas block of AT2 receptors with PD123319 enhanced the inhibitory effect in the control VSMCs. Interestingly, for the HS VSMCs, losartan did not significantly affect the inhibitory effect of Ang II, whereas PD123319 could further enhance the inhibitory effect of Ang II. Furthermore, our experiments demonstrated increased expression of AT1 receptors and decreased expression of AT2 receptors in the HS mesenteric arteries. Together, the results indicated that alteration of AT1/AT2 receptors might have a role in the cellular phenomenon observed in this study. An imbalance of AT1/AT2 receptor ratio in the vasculature may affect Ang II-mediated vascular tone.
In the present study, from vessel tension testing to electrophysiological recording on the cells, we found the influence of prenatal over intake of sucrose on the functional development of the vessel systems. We realized limitation of the approaches used in the study in explaining the mechanisms as to how prenatal insults affect cardiovascular systems. Epigenetic influence could be one of the explanations, and which deserves further investigation.
In summary, the data demonstrated that BK channel activity was reduced and vascular tone enhanced in small mesenteric arteries from the HS rats, supporting the hypothesis that intake of high sugar during pregnancy affects vascular tone and [Ca 2 þ ] i in the offspring. Moreover, the altered expression of BK channels and AT1/AT2 receptors and their activities in the HS mesenteric arteries may affect membrane potential of VSMCs, which might be partly contributed to the elevation of [Ca 2 þ ] i and increased vessel tone induced by Ang II in the HS offspring. Although whether vascular endothelium involved in those changes needs further studies, the present data added new information for further understanding the ionic channel mechanisms affecting vessel tone in fetal origins, and provided new insights for early prevention and treatments against such vascular diseases. 
